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Inflammation can play a regulatory role in cancer pro-
gression and metastasis. Previously, we have shown
that metastatic tumor cells entering the liver trigger a
proinflammatory response involving Kupffer cell-medi-
ated release of tumor necrosis factor-a and the up-reg-
ulation of vascular endothelial cell adhesion receptors,
such as E-selectin. Here, we analyzed spatio-temporal
aspects of the ensuing tumor-endothelial cell interac-
tion using human colorectal carcinoma CX-1 and mu-
rine carcinoma H-59 cells and a combination of immu-
nohistochemistry, confocal microscopy, and three-
dimensional reconstruction. E-selectin expression was
evident mainly on sinusoidal vessels by 6 and 10 hours,
respectively, following H-59 and CX-1 inoculation, and
this corresponded to a stabilization of the number of
tumor cells within the sinuses. Tumor cells arrested in
E-selectin™ vessels and appeared to flatten and traverse
the vessel lining, away from sites of intense E-selectin
staining. This process was evident by 8 (H-59) and 12
(CX-1) hours after inoculation, coincided with in-
creased endothelial vascular cell adhesion molecule-1
expression, and involved tumor cell attachment in ar-
eas of intense vascular cell adhesion molecule-1 and
platelet endothelial cell adhesion molecule-1 expres-
sion. Nonmetastatic (human) MIP-101 and (murine)
M-27 cells induced a weaker response and could not be
seen to extravasate. The results show that metastatic
tumor cells can alter the hepatic microvasculature and
use newly expressed endothelial cell receptors to arrest
and extravasate. (4m J Pathol 2007, 170:1781-1792; DOI:
10.2353/ajpath.2007.060886)

The host microenvironment plays an important role in the
regulation of tumor progression at the primary site. It can
also facilitate tumor dissemination by promoting neovas-
cularization and providing growth-enhancing factors to
the metastatic cells at the secondary sites of growth."?
Resident and tumor-infiltrating host inflammatory cells
constitute an integral component of the tumor microenvi-
ronment and can participate in regulating tumor growth
and dissemination through the release of proinflamma-
tory cytokines and chemokines, proangiogenic factors,
and extracellular matrix-degrading proteinases.>*

The liver is a major site of metastasis for some of the
most common human malignancies, carcinomas of the
gastrointestinal tract in particular. Liver metastases are
frequently inoperable and are associated with poor prog-
nosis.>® A better understanding of the molecular interac-
tions that underlie liver metastasis formation, particularly
during the early stages of the process, may provide novel
approaches for prevention and treatment.

Among the rate-limiting steps in the process of hema-
togenous metastasis are tumor cell arrest into and extrav-
asation out of the blood vessels. Tumor necrosis factor-«
(TNF-a)-inducible cell adhesion molecules (CAMs) on the
luminal surface of the microvascular endothelium are
thought to mediate tumor-endothelial cell adhesion and
thereby facilitate tumor cell arrest and transmigration into
the extravascular space.”® Among the vascular endo-
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Figure 1. Rapid increase in E-selectin expression in response to tumor cell injections. Cryostat sections were prepared from livers removed at different time
intervals following the inoculation of H-59 and M-27 (A, H-59: black bars; M-27: gray) or CX-1 and MIP-101 (B and C, CX-1: black; MIP-101: gray) cells into C57Bl/6
mice (A and B) or nude mice (C). Sections were stained with an E-selectin-specific antibody and an Alexa Fluor 568 secondary antibody. E-selectin-positive vessels
were counted at X630 magnification in 20 fields per liver using a total of four livers per time point. Results are expressed as the mean number (£SD) of
E-selectin-positive vessels counted in 20 microscope fields/time point. Shown in D are the proportions (%) of E-selectin® sinusoids as calculated for mice
inoculated with H-59 (black) or M-27 (gray) cells. *P < 0.05 (ttest) for H-59 (A and D) and CX-1 (B and C) cells compared with M-27 and MIP-101 cells,

respectively.

thelial cell receptors that have been implicated in cell-cell
adhesion and transendothelial migration are P-, E-, and
L-selectin,'®~'3 as well as vascular adhesion receptors of
the immunoglobulin superfamily such as intercellular ad-
hesion molecules ICAM-1, -2, and -3, vascular cell adhe-
sion molecule (VCAM)-1, and mucosal addressin cell
adhesion molecule-1.7*"° However, direct evidence for
their involvement in metastasis, in vivo, is still lacking.
Under normal physiological conditions, E-selectin and
VCAM-1 expression on vascular endothelial cells is low.
In response to cytokines such as interleukin (IL)-1« and
TNF-«, E-selectin expression is induced through activa-
tion of the nuclear factor-«B and Raf/MEK/MAPK path-
ways, and this, in turn, can lead to up-regulation of
VCAM-1 and ICAM-1 expression.'®'” Adhesion to E-
selectin is generally mediated by sialylated, glycosy-
lated, or sulfated glycans such as the tetrasaccharides
sialyl-Lewis* (sLew*) and sialyl-Lewis® (sLew?®) that are
present on cell surface glycoproteins, glycolipids, or pro-
teoglycans.'® "8 These molecules have been identified
as markers of progression in carcinomas of the gastroin-

testinal tract, such as colorectal carcinoma,’®2' and

have been implicated in tumor cell adhesion to the he-
patic microvascular endothelial cells during liver metas-
tasis.”#>23 Recently, a splice variant of CD44 was also
identified as an E-selectin ligand.?* Adhesion to VCAM-1
can be mediated by the «4 integrins a,8; (VLA-4) and
a,B,,'%?° whereas ICAM-1 adhesion is mediated by the
counter-receptor «, B, (LFA-1).15:26

In a series of studies, we have previously shown that
tumor cell entry into the hepatic microvasculature can
trigger a rapid, proinflammatory cascade that begins with
increased local TNF-a and IL-1B8 production by activated
Kupffer cells and leads to up-regulated expression of
E-selectin and other vascular adhesion receptors such as
ICAM-1 and VCAM-1 on the hepatic sinusoidal ves-
sels.?”?® We have shown that a blockade of TNF-a-
mediated E-selectin induction by mouse-specific C-raf
antisense oligonucleotides, or an inhibition of E-selectin
function by specific neutralizing antibodies, markedly re-
duced the number of experimental liver metastases
formed by human colorectal carcinoma CX-1 and mouse
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Figure 2. Localization of tumor cells in E-selectin-positive vessels. Shown are images of E-selectin™ vessels (arrows) captured at different time intervals following
the inoculation of H-59 and M-27 (A) or CX-1 and MIP-101 (B) cells. Tumor cells are in green. S, sinusoidal vessel; L, centrolobular or portal venules. Original
magnification, X400.
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Lewis lung carcinoma-derived H-59 cells, respective-
ly.'2"7 The objective of the present study was to analyze
more directly the role of TNF-a-induced vascular endo-
thelial cell adhesion receptors in liver metastasis. Using a
combination of immunostaining and confocal micros-
copy, we were able to visualize tumor cell adhesion to
hepatic microvascular endothelial cells in vivo and ana-
lyze spatio-temporal aspects of the tumor-endothelial
cell interaction during the very early stages of liver
metastasis.

Materials and Methods
Cells

The tumor cells used in this study were the murine Lewis
lung carcinoma sublines H-59 (highly metastatic to liver)
and M-27 (poorly metastatic) and the human colorectal
carcinoma lines CX-1 (highly metastatic) and MIP-101
(nonmetastatic) (a kind gift from Dr. Peter Thomas, Bos-
ton University School of Medicine, Boston, MA).17:18:28 A|
of the cells were maintained in RPMI 1640 medium con-
taining 10% fetal bovine serum, 100 wg/ml penicillin, 100
wg/ml streptomycin, and 300 wg/ml glutamine. Routine
testing confirmed that the cells were free of mycoplasma
and viral contaminants during the study period. M-2767
and MIP-1016FP cells were generated by transfection
with 1 to 5 ug of the pLEGFP-N1 plasmid (Clontech,
Mountain View, CA) using Lipofectamine Plus, as per the
manufacturer’s instructions (Invitrogen Canada, Burling-
ton, ON, Canada). Transfectants were selected using 100
pg/ml G-418 (Invitrogen) and maintained in complete
RPMI 1640 medium containing the same concentration of
G-418. They were used in this study without further clon-
ing. The H-59 and CX-1 cells were transduced with the
VLTR-GFP retrovirus at multiplicities of infection of 15 and
10, respectively, as we previously described.?®2°
H-599F cells were used without further selection. Highly
fluorescent CX-167F cells were obtained by sorting the
top 30% of fluorescent cells using a fluorescence-acti-
vated cell sorter (FACS-Vantage Flow Cytometer/Cell
Sorter; Becton, Dickinson and Company, Franklin
Lakes, NJ).

Antibodies

Rat monoclonal antibodies to mouse E-selectin (clone
10E9.6), VCAM-1 (clone 429-MVCAM-A), CD31 (clone
MEC13.3), and ICAM-1 were from Pharmingen (San Di-
ego, CA). The Alexa Fluor 568 goat anti-rat antibody was
from Molecular Probes, Inc. (Eugene, OR).

Tumor Cell Tracking

Green fluorescent protein (GFP)-tagged tumor cells
(2 X 10° per mouse) were injected by the intrasplenic/
portal route into C57BI/6 (H-59 and M-27, CX-1 and
MIP-101) or nu/nu (CX-1 and MIP-101) mice. The ani-
mals were euthanized at different time intervals rang-
ing from 20 minutes to 72 hours thereafter, and the

livers were perfused with 50 ml of a 4% paraformalde-
hyde solution, fixed for 48 hours in the same fixative,
transferred into a 30% sucrose solution for 4 days,
and placed in OCT medium (Somagen Diagnostics,
Edmonton, AB, Canada) before freezing at —80°C. For
each liver (four per interval per experiment), multiple,
7-um cryostat sections were prepared from each of the
lobes and the sections mounted in Prolong Gold Anti-
fade reagent (Molecular Probes). GFP* cells were enu-
merated using a Zeiss imaging station (Carl Zeiss Inc.,
Thornwood, NY) equipped with the Northern Eclipse
imaging software (Empix Imaging, Inc., Mississauga,
ON, Canada).

Immunohistochemistry and
Confocal Microscopy

Following the injection of 2 X 10° tumor cells, the livers
were perfused with 50 ml of a 4% paraformaldehyde
solution and processed as described above. Immunohis-
tochemistry was performed on 7-um cryostat sections.
The sections were incubated first in a blocking solution
(5% normal goat serum and 0.1% Triton X-100 in phos-
phate-buffered saline) for 30 minutes and then overnight
at 4°C with the primary antibodies diluted 1:50 (E-selec-
tin), or 1:100 (VCAM-1, ICAM-1, and CD31) in the block-
ing buffer. After several washes with phosphate-buffered
saline, the sections were incubated with Alexa Fluor 568
goat anti-rat IgG antibody (diluted 1:200 in the blocking
buffer) for 1 hour at 4°C and mounted in Prolong Gold
Antifade reagent (Molecular Probes). For confocal anal-
ysis and three-dimensional (3D) reconstruction, the same
protocol was used but with 100-um sections, and the
antibody dilutions were 1:50 for each primary antibody
and 1:100 for the secondary antibody. Incubation with the
secondary antibody was for 4 hours at 4°C. Confocal
images were captured with a Zeiss LSM 510 equipped
with an inverted Axiovert 100M microscope (Zeiss). La-
sers used were the Argon 488 nm (for visualization of
green fluorescence) and the HeNe 543 nm (for visualiza-
tion or red fluorescence). Image processing was with the
Zeiss LSM 510 software. 3D images were reconstructed
using the MetaMorph software (Molecular Devices).

Enumeration of E-Selectin- and VCAM-1-
Positive Vessels

For each section, 20 random fields were analyzed for the
presence of E-selectin or VCAM-1 immunolabeling. A
vessel was considered positive if a single fluorescent
pixel was present on or around it. Results are expressed
as the mean number (=SD) of E-selectin- or VCAM-1-
positive vessels counted in 20 microscope fields/time
point based on four different livers. A tumor cell was
considered to be associated with an E-selectin-positive
vessel if it was observed within a vessel that stained
positively based on the above criterion.
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Figure 3. Tracking of tumor cells in vivo reveals no differences in tumor cell
distribution following injection. Cryostat sections were prepared from livers
removed at different intervals following the inoculation of H-59 (black line in
A), M-27 (gray line in A), CX-1 (black diamonds and circles in B), or
MIP-101 (gray squares or triangles in B) into C57BI/6 (A and solid lines in
B) or nude (dashed lines in B) mice. Fluorescent tumor cells were counted
in 20 fields/slide in sections prepared from each of four different livers.
Results are expressed as the mean number of cells (£SD) counted per field
at a magnification of X630. There was a significant difference between the
numbers of H-59 and M-27 cells counted (A) at all time points >2 hours
(*P < 0.05). There was no significant difference between the numbers of
CX-1 and MIP-101 cells observed following the injection into C57Bl/6 or
nude mice. The numbers of CX-1 cells observed in livers derived from nude
mice were significantly higher than those seen in livers from C57Bl/6 mice
(P < 0.05) at 12 and 24 hours.

Statistical Analysis

The univariate t-test was used to analyze differences
between the responses to different cell lines, and a P
value =0.05 was considered significant.

Results

Metastatic Carcinoma Cells Induce Intense E-
Selectin Expression within Hours of Entry into
the Liver

We have shown that tumor cell entry into the liver can
trigger a rapid proinflammatory response involving in-
creased macrophage-mediated TNF-a production. We
also reported that this is rapidly followed by increased
expression of E-selectin mRNA in vascular endothelial
cells.'727:28 To investigate further temporal aspects of
tumor-induced E-selectin expression, we inoculated
mice with GFP-expressing carcinoma cells, and the
relative proportion, number, and type of liver vessels
expressing E-selectin were analyzed at different inter-
vals thereafter by a combination of immunohistochem-
istry and confocal microscopy. Minimal E-selectin ex-
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Figure 4. Time-dependent increase in tumor cell association with E-selec-
tin™ vessels. Cryostat sections were prepared from livers removed at different
time intervals following the inoculation of H-59 and M-27 (A, H-59: black;
M-27: gray) or CX-1 and MIP-101 into C57B1/6 (B, CX-1: black; MIP-101:
gray) or nude (C, CX-1: black; MIP-101: gray) mice. Sections were stained
with E-selectin-specific antibody and an Alexa Fluor 568 secondary antibody.
Tumor cells associated (or not) with E-selectin-positive vessels were counted
in 20 different fields per liver (72 = 4) at a magnification of X630. Results are
expressed as the mean percentage of tumor cells per field that were associ-
ated with E-selectin-positive vessels. * P < 0.05 (#test) for H-59 (A) and CX-1
(B and ©) cells as compared with M-27 and MIP-101 cells, respectively. ND,
not determined.

pression (<1 positive vessel/20 microscope fields) was
detected in livers of saline-injected control mice, and
these levels were not significantly altered for up to 1
hour following tumor injection, regardless of the type of
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Figure 5. Confocal microscopy reveals close contact between tumor cells and E-selectin. Cryostat sections were prepared from livers removed at different time
intervals following the inoculation of H-59 (A) or CX-1 (B) cells and immunostained with anti E-selectin antibodies. Sections were analyzed with a Zeiss confocal
microscope at a magnification of X630, and 3D reconstruction was performed using the MetaMorph software. Tumor cells are shown in green. Arrows (A) on
the 3D reconstructed images of red and green fluorescence indicate co-localized tumor cell/E-selectin signals, demonstrating areas of contact. The transmigrating
cell is outlined by the dashed line. The right image in A is an enlarged and rotated (255°) version of the left image. Cell spreading along E-selectin™ vessels is
shown in A and B.

tumor cell injected. The proportion of E-selectin-
positive vessels began to rise significantly 2 hours
following the inoculation of (metastatic) H-59 cells,
increased by >10-fold by 6 hours, and remained
high for up to 12 hours, with sporadic vessel staining
still evident at 48 hours following tumor injection
(Figures 1A and 2A). E-selectin staining was preferen-
tially observed on sinusoidal endothelial cells (Figure
1D). In contrast, (poorly metastatic) M-27 cells elicited
a much weaker response with some, low-intensity E-
selectin staining seen between 6 and 8 hours after
tumor injection. Interestingly, E-selectin positivity in
these livers was seen preferentially along portal veins
and in centrolobular venules (Figures 1, A and D,
and 2A).

Similar to the mouse carcinoma cells, there was also
a marked increase in E-selectin expression following
the injection of metastatic human colorectal carcinoma
CX-1 cells. However, the time course and duration of

the response were distinct. The E-selectin signal be-
gan to rise only 6 to 8 hours after tumor injection and
peaked at 10 to 12 hours, declining thereafter but still
detectable on some vessels 48 hours after tumor inoc-
ulation (Figures 1B and 2B). This pattern was consis-
tent with the delayed but more sustained increase in
TNF-a production observed in response to CX-1 inoc-
ulation.”” The response to human colorectal carcinoma
cells was also tumor specific, since significantly fewer
E-selectin-positive vessels were observed following
the injection of nonmetastatic MIP-101 cells (Figures
1B and 2B). Interestingly, the number of E-selectin-
positive vessels was significantly higher in athymic
nude mice (where hepatic metastases eventually de-
velop) than in conventional mice injected with CX-1
cells, although the duration of the response was com-
parable. E-selectin positivity in response to MIP-101
cells was, however, low in both types of animals (Fig-
ures 1, B and C, and 2B).



Tracking of Tumor Cells in Vivo Reveals No
Difference in Tumor Cell Numbers and
Distribution in the Liver Immediately after Tumor
Injection

To determine whether the differential ability of the tu-
mor cells to induce vascular endothelial E-selectin ex-
pression resulted from differences in tumor cell arrest/
survival in the hepatic microvasculature, multiple
cryostat sections were prepared from livers of tumor-
injected mice at different intervals, ranging from 20
minutes onwards after injection, and fluorescence mi-
croscopy was used to track and enumerate the tumor
cells. Within the first 2 hours after injection, there was
no significant difference in the total number of GFP™
murine tumor cells that could be detected in the sec-
tions. However, from 4 hours onwards, a significant
difference was noted as the number of M-27 cell slowly
declined while the number of H-59 cells stabilized and
then began to rise at 10 hours after injection as a
consequence of cell extravasation and the onset of cell
division (Figure 3A). We did not observe this difference
in tumor cell numbers when CX-1 and MIP-101 cells
were analyzed (Figure 3B). Interestingly, we noted that
the number of CX-1 (but not MIP-101) cells detectable
in livers of athymic nu/nu mice was significantly higher
than that seen in conventional mice from 12 to 24 hours
following tumor inoculation (Figure 3B), the period dur-
ing which E-selctin positivity was also significantly
higher in nude mice.

Tumor Cells Arrest in E-Selectin-Positive
Vessels

The finding that the initial stabilization and eventual in-
crease in the number of H-59 cells seen in the liver
corresponded temporally to the peak in vascular endo-
thelial E-selectin expression suggested that these events
may be causally linked. We therefore used immunohisto-
chemistry and fluorescence microscopy to assess
whether H-59 cells were preferentially associated with
E-selectin-positive vessels. Indeed, we observed that be-
tween 4 and 6 hours after tumor injection, more than 50%
of all of the detectable GFP™ H-59 cells were localized
within E-selectin-positive hepatic vessels (Figure 4A).
Confocal microscopy and 3D reconstruction revealed ar-
eas of close contact between the green fluorescent tumor
cells and (red fluorescent) E-selectin, suggesting that the
tumor cells, in fact, used this vascular adhesion molecule
for attachment (Figure 5A, arrow). M-27 cells did not
seem to associate preferentially with E-selectin-positive
vessels. The proportion of cells detected in E-selectin-
positive vessels was approximately 20% at all time points
analyzed and did not change with time, suggesting a
more random distribution of the cells (Figure 4A). Further-
more, we noted that subsequent to the initial attachment,
H-59 cells began to spread, aligning their tails along
E-selectin-positive endothelial cells with the bulk of the
cell moving away from regions of intense positive stain-
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Figure 6. VCAM-1 expression increases in response to tumor cell injection.
Cryostat sections prepared following the inoculation of H-59 and M-27 (A,
H-59: black; M-27: gray) or CX-1 and MIP-101 cells into C57B1/6 (B, CX-1:
black; MIP-101: gray) or nude (C, CX-1: black; MIP-101: gray) mice were
used for quantification of VCAM-1" vessels. Sections were stained with
anti-VCAM-1 antibodies and an Alexa Fluor 568 secondary antibody. VCAM-
1-positive vessels were enumerated in 20 fields per liver at a magnification of
X630. Results are expressed as the mean number of VCAM-1-positive vessels
(£SD, n = 4) in 20 microscope fields per time point. The difference between
animals injected with H-59 and M-27 cells (A) was significant (7 < 0.05) at
all time points from 10 hours onward. *P < 0.05.

ing, where extravasation, as revealed by 3D reconstruc-
tion, seems to have occurred (Figure 5A).

The number of CX-1 cells that localized in E-selectin-
positive vessels also increased with time, reaching max-
imal levels (close to 30%) at 10 hours after injection in
both conventional and nude mice and declining sharply
thereafter in conventional mice (Figure 4B) and more
gradually in nude mice (Figure 4C). However, we did not
observe a preferential localization (>50%) of these tumor
cells in E-selectin™ vessels. Similar to H-59 cells, CX-1
cells could be seen spreading along E-selectin™ endo-
thelial cells (Figure 5B).
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The Decline in E-Selectin Expression Coincides
with Increased VCAM-1 Expression Levels

In the course of inflammation-induced transendothelial mi-
gration of leukocytes, the decline in vascular E-selectin
expression has been shown to coincide with increased
expression of vascular adhesion receptors of the immuno-
globulin superfamily such as ICAM-1 and VCAM-1,15:30-32
We previously reported that VCAM-1 mRNA expression in
the liver also rises in response to the influx of metastatic
cells.?® Here, we show that a significant increase in cell
surface VCAM-1 expression on sinusoidal endothelial cells
was evident as early as 10 hours following H-59 and CX-1
injection, when the gradual decline in E-selectin expression
began (Figure 6, A-C). The VCAM-1 signal remained high
for up to 24 to 48 hours after injection and was frequently
seen in close proximity to the tumor cells with areas of
contact revealed by confocal imaging, particularly for H-59
cells (Figure 7C, VCAM-1, arrow; and Supplemental Figure
1, see http://ajp.amjpathol.org). No significant VCAM-1 ex-
pression was noted following M-27 inoculation at any of the
time intervals analyzed (Figures 6A and 7A), in agreement
with our reverse transcriptase-polymerase chain reaction
data.?® Interestingly, despite the absence of E-selectin ex-
pression following MIP-101 injection, up-regulated expres-
sion of VCAM-1 was observed and was comparable in
magnitude to that seen following CX-1 injection in conven-
tional mice but lower in nude mice (Figure 6, B and C).
Platelet endothelial cell adhesion molecule-1 (PECAM-1)
(CD31) is constitutively expressed in vascular endothelial

cells of the liver. Our previous polymerase chain reaction
data suggested that PECAM-1 mRNA levels were not mea-
surably increased in response to tumor cell injections. When
cell surface expression of PECAM-1 was analyzed in liver
sections obtained 8 hours following the injection of H-59
cells, we observed that most of the sinusoidal vessels were
PECAM-1-positive (Figure 7C and data not shown). Inter-
estingly, confocal imaging showed regions of close contact
between the tumor cells and PECAM-1, and 3D reconstruc-
tion revealed that tumor cell extravasation was preferentially
associated with areas of intense PECAM-1 staining (Figure
7C, PECAM-1, and Supplemental Figure 2, see http://ajp.
amjpathol.org), suggesting that this adhesion receptor may
also participate in the transendothelial migration of the tu-
mor cells, as was also reported for leukocyte transmigra-
tion.33 ICAM-1 is also constitutively expressed on vascular
endothelial cells of the liver and, indeed, we found high-
intensity ICAM-1 labeling on endothelial cells of both large
(centrolobular and portal veins) and sinusoidal vessels at all
time points analyzed (Figure 7C and not shown). In contrast
to PECAM-1, however, tumor H-59 cells that were observed
in proximity to vascular ICAM-1 did not appear to be ac-
tively transmigrating (Figure 7C, ICAM-1).

Discussion

Our results provide direct evidence that tumor cells en-
tering the liver can rapidly alter their microenvironment by
triggering a host inflammatory cascade that leads to up-
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regulation of vascular endothelial cell adhesion mole-
cules and then use this altered microenvironment to ar-
rest, extravasate, and ultimately survive in the liver.

We show here that the ability to activate this response
is variable and correlates with the metastatic phenotype
of the cells. Thus, whereas H-59 cells rapidly induced
intense E-selectin expression followed by VCAM-1 up-
regulation, M-27 cells induced a weak E-selectin signal
that was selectively observed on larger venules (ie, cen-
trolobular and portal venules), and no VCAM-1 induction
was seen. This low level of CAM induction correlated with
the low levels of TNF-a and IL-18 induced in response to
these tumor cells.?”*® Human colorectal CX-1 cells also
induced an inflammatory cascade similar to that ob-
served with H-59 cells, but the induction of endothelial
cell CAMs was delayed and more sustained, as was also
observed for TNF-«a production in response to tumor in-
oculation.?® This distinct pattern may be related to the
observation that CX-1-induced TNF-a production corre-
sponded temporally to the formation of tumor-Kupffer cell
conjugates, a process that may both delay and stabilize
the response.?® Our findings with CX-1 cells are also
consistent with reports by others implicating tumor cell-
derived carcinoembryonic antigen in Kupffer cell activa-
tion and the induction of endothelial cell adhesion recep-
tors.347% Interestingly, we observed a greater number of
E-selectin-positive vessels in nude mice than in conven-
tional mice injected with CX-1 cells. Although the under-
lying mechanism is unclear, it may be related to the more
rapid clearance of CX-1 cells from the liver in the con-
ventional, immunocompetent mice (Figure 3, B and C).
Although T-cell-mediated immune rejection of the xe-
nografted human tumor cells is unlikely during the first 48
hours following injection, it is possible that natural anti-
body- or cell-mediated innate immunity®”=2° is differen-
tially expressed in these mice and contribute to a more
rapid clearance of the human carcinoma cells. Nonmeta-
static MIP-101 cells, although failing to induce TNF-e,
IL-1, and E-selectin expression, did trigger an increase in
VCAM-1 expression that was detectable at 10 to 12 hours
and persisted for up to 24 hours following tumor inocu-
lation. This suggests that VCAM-1 up-regulation can oc-
cur independently of increased TNF-« or IL-1 levels, pos-
sibly as a response to other liver or tumor-derived
cytokines such as IL-18° or oxidative stress triggered by
tumor cell entry into the blood vessels.*' The finding that
in the athymic mice MIP-101 induced a weaker VCAM-1
signal suggests that T cells may also be involved in this
response, and this is in agreement with data based on in
vitro studies that implicated resting and activated T cells
in VCAM-1 induction on endothelial cells.*® The increase
in VCAM-1 expression did not, however, result in MIP-101
adhesion or transmigration, consistent with the reported
failure of these cells to adhere to VCAM-1 on cultured
endothelial cells.®®

The tumor-specific patterns of cytokine and CAM in-
duction that we observed most likely reflects the distinct
repertoires of cytokines/chemokines produced by the tu-
mor cells or, for the human colorectal carcinoma lines, a
differential ability to produce carcinoembryonic anti-
gen.*® Indeed, we have recently shown that M-27, but not

H-59 cells express high levels of the secretory leukocyte
protease inhibitor SLPI, an 11.7-kd secreted molecule
that can block nuclear factor-kB-mediated TNF-a pro-
duction in macrophages and thereby attenuate the host
inflammatory response.**~4® We further demonstrated
that SLPI production diminished the proinflammatory re-
sponse triggered by the tumor cells and, as a conse-
quence, reduced liver metastasis.**

Our findings are in line with other studies that impli-
cated the proinflammatory host response and vascular
endothelial CAM in the process of liver metastasis. In-
creased hepatic metastasis of B16F1 melanoma cells
could be observed following exogenous IL-1a adminis-
tration, and this was attributed to increased vascular
adhesion receptor expression and tumor cell arrest in
terminal portal venules.”*” Likewise, pretreatment with
TNF-a was shown to increase expression of vascular
adhesion molecules ICAM-1, VCAM-1, and E-selectin,
and this resulted in increased adhesion, extravasation,
and metastasis of syngeneic colon adenocarcinoma
C-26 cells.”® In another study, the same carcinoma cells
were also shown to trigger an endogenous inflammatory
cascade upon entry into the liver, and this cascade was
absent in TNFR1-deficient mice, leading to reduced liver
metastases formation.*® In addition to TNF-a and IL-1a,
endogenous, endothelial cell-mediated IL-18 production
in response to invading tumor cells was also shown to
play a role in increased vascular CAM expression and
hepatic metastasis of B16 melanoma cells.*©

In our studies, H-59 cells were found to preferentially
associate with E-selectin-positive sinusoidal vessels (Fig-
ure 4A), suggesting that E-selectin could mediate tumor-
endothelial cell adhesion, as was also suggested by
confocal imaging (Figure 5A). These findings are in
agreement with results of our in vitro adhesion assays'®
and with our finding that animals treated with anti-E-
selectin antibodies had markedly reduced numbers of
hepatic metastases.'® The E-selectin ligands on H-59
cells remain to be identified, since neither sLew* nor
sLew? could be detected on these cells.'® The possible
role of PSGL-1 and of CD43 and CD44, E-selectin ligands
identified on T cells and colon cancer cells, respective-
ly,24%% is unknown and presently under investigation. Our
data also suggest that although E-selectin could mediate
tumor cell attachment to the sinusoidal vessels, transen-
dothelial migration actually occurred away from areas of
intense E-selectin expression (Figure 5A), as is also the
case for leukocyte transmigration.®2 Moreover, confocal
analysis revealed areas of close contact between the
tumor cells and endothelial VCAM-1 or PECAM-1 (Figure
7C), suggesting that tumor cells can co-opt molecular
mediators of leukocyte adhesion and transmigration to
attach to the hepatic endothelial cells.®' CX-1 adhesion in
close proximity to vascular E-selectin was also observed
(Figure 5B), consistent with the high expression of sialy-
lated glycoproteins found on these cells.®? In athymic
nude mice, this coincided with a transient increase in the
total number of cells seen in the liver, but in both nude
and conventional mice, the numbers of tumor cells even-
tually declined and remained low at 24 hours after injec-
tion. This is consistent with the lower number of metasta-



ses produced by these cells and their slower rate of
growth compared with H-59 cells.'” The rapid decline in
the number of CX-1 and MIP-101 cells in conventional
mice may also reflect a higher rate of tumor cell death
immediately following tumor injection.

Cytokine-induced endothelial cell adhesion receptors
have previously been implicated in hepatic metastasis of
human colorectal carcinoma and other malignan-
cies.”95%54 Gtudies in animal models have shown that
the inhibition of cytokine-mediated E-selectin or VCAM-1
expression by reagents such as antibodies'® and anti-
inflammatory drugs,®® by the selective depletion of
Kupffer cells,*® or by an IL-18-binding protein“® effec-
tively blocked liver metastases formation, even when ad-
ministered at a time when micrometastases were already
present.“® These findings suggest that the proinflamma-
tory response may be critical not only for the initiation but
also for the maintenance and growth of hepatic metasta-
ses. The present study is in line with these reports and
adds several novel elements to this body of evidence.
Namely, it provides a spatio-temporal context for the host
inflammatory cascade that is triggered by liver-infiltrating
tumor cells and shows that the kinetics of the host re-
sponse are tumor type-specific and may depend, among
other factors, on the tumor-Kupffer cell interaction. It
also provides the first direct evidence that tumor cells
can attach to sinusoidal endothelial E-selectin in vivo and
that this attachment precedes the expression of and at-
tachment to VCAM-1 or PECAM-1 and subsequent ex-
travasation. Taken together, these studies suggest that
drugs that target proinflammatory cytokines such as
TNF-«, their receptors, or downstream effectors may be
beneficial in prevention and/or treatment of hepatic
micrometastases.®® 8
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